Experimental infection of mice with a virulent strain of Mycobacterium avium leads to a slowly progressive disease, which we have previously shown culminates in loss of gamma interferon (IFN-␥) production by T lymphocytes and death of the animals approximately 40 weeks after infection. Here we investigated the changes in T-cell activation, the production of interleukin-2 (IL-2), and the response to IL-2 throughout M. avium infection as a possible explanation for this loss. We found that there is a steady increase in the percentage of T cells expressing activation markers right to the end of infection. However, in vivo T-cell proliferation, measured as a percentage of CD4 ؉ and CD8 ؉ cells incorporating 5-bromo-2-deoxyuridine, initially increased but then remained constant. In the final stages of infection there was a decline in proliferation of activated (CD62L ؊ ) T cells. Since IL-2 is a major driver of T-cell proliferation, we asked whether this was due to loss of IL-2 responsiveness or production. However, CD25 (IL-2R␣) continued to be highly expressed in the terminal stages of infection, and although IL-2 production declined, addition of recombinant IL-2 to cultures could not rescue the final loss of IFN-␥ production.
Mycobacterial infections are known to lead to a decline in the immunological function of the host (1) . In fulminating tuberculosis, this decline has been measured by determining the loss of delayed-type hypersensitivity responses to mycobacterial antigens (16, 27) . Infection of mice with a virulent strain of the facultatively intracellular pathogen Mycobacterium avium results in a slowly progressive disease that is eventually fatal about 40 weeks postinfection (11, 23) . This process has also been associated with a terminal decline in immune function attributed to an increase in apoptosis of T cells and a decline in production of the key protective cytokine gamma interferon (IFN-␥) (11) . Although a decline in T-cell function in chronic mycobacterial infections has been described for human infections, little is known about the activation status and function of T cells in the later stages of these infections.
Many markers have been used to assess T-cell activation or memory status. We examined the early activation markers CD62L (L-selectin), CD25 (␣ chain of the interleukin-2 [IL-2] receptor [IL-2R␣]), and CD44 (pgp-1), whose expression has been associated by some with immunological memory (12, 26) . CD62L expression is downregulated upon activation of T cells, while CD44 expression is increased. Both molecules regulate cell circulation. CD44 allows binding of cells to hyaluronidate and entry of cells into tissues, while downregulation of CD62L releases cells from continual circulation between lymph nodes.
The role of the IL-2/IL-2R pathway in the decline in immunological function seen in mycobacterial infections has been the subject of extensive speculation (24) . We hypothesized that the production of or response to IL-2 might be the underlying cause of immunological unresponsiveness. As CD25 expression is clearly a prerequisite for IL-2-driven proliferation, we investigated expression of this molecule on the surface of T cells during infection.
The results of the present study revealed that continuing expression of activation markers by T cells occurs during infection but there is a final decline in proliferation of activated T cells. Interestingly, although like expression of other activation markers expression of CD25 remained high, the T cells were finally not able to produce or respond to IL-2.
MATERIALS AND METHODS
Bacteria and mice. M. avium serovar 8, with a smooth transparent colony morphology, was isolated from an AIDS patient (23) . For infection, aliquots of M. avium frozen at Ϫ70°C were thawed, sonicated to break up clumps, and used to infect female C57BL/10 mice intranasally. The infectious dose, checked retrospectively by viable counting, was always between 1.5 ϫ 10 5 and 0.5 ϫ 10 5 CFU/mouse. The numbers of viable bacteria in organs were determined by culturing serial 10-fold dilutions of homogenized organ tissue on Middlebrook 7H11 agar plates, and colonies were counted after 5 to 10 days of incubation at 37°C, as described previously (23) . In all experiments we used groups of three to five mice that were analyzed individually. In each case the results of one representative experiment of at least two independent experiments are shown. Ageand sex-matched normal control mice for both the early (young normal mice) and advanced (old normal mice) stages of infection were included in all experiments. The results for young normal mice were plotted at zero time, whereas the results for old normal mice were plotted as if the mice were infected when they were 6 weeks old. Fluorescence-activated cell sorter analysis. Mice were killed with CO 2 overdoses at different times after infection. The spleens were removed and disrupted by passage through a sieve, and then red blood cells were removed by lysis in an NH 4 Cl solution (3) or by centrifugation over Ficoll-Hypaque (Sigma, Castle Hill, New South Wales, Australia). The cells were maintained continuously in phosphate-buffered saline (PBS) with 0.01% azide to prevent modulation of markers. All antibodies were obtained from Pharmingen (San Diego, Calif.) unless indicated otherwise. A total of 1 ϫ 10 6 to 2 ϫ 10 6 cells were incubated with anti-CD44 (clone IM7), anti-CD62L (Mel-14) (our laboratory), or biotinylated anti-CD25 (clone 7D4). Mel-14 hybridoma (provided by W. Heath, Walter and Eliza Hall Institute, Melbourne, Australia) was used to produce culture supernatant, and the antibody was purified on a protein G column. Biotinylated anti-CD25 antibodies were detected with streptavidin Cy-Chrome (Pharmingen). Binding of anti-CD44 and anti-CD62L antibodies was detected by using fluorescein isothiocyanate-conjugated sheep anti-rat immunoglobulin G (Silenius, Melbourne, Australia) and then blocked with 1% rat serum-PBS, followed by stain-ing with phycoerythrin-conjugated anti-CD4 (H129. 19) or anti-CD8␣ (53-6.7). The cells were washed in PBS-0.1% bovine serum albumin-0.01% azide between staining steps. Negative control samples, which did not receive the primary antibody or were stained with a phycoerythrin-conjugated isotype control, were included for each mouse. The cells were either analyzed immediately or fixed in 1% paraformaldehyde-PBS and analyzed within 24 h. Data were acquired with a FACSort (Becton Dickinson Immunocytometry Systems, San Jose, Calif.) and were analyzed with CellQuest software. Live cells were gated based on forward and side scatter. The number of cells was calculated by multiplying the number of spleen cells by the percentage of each population determined by flow cytometry.
In vivo proliferation with BrdU. Mice were fed drinking water containing 1 mg of 5-bromo-2Ј-deoxyuridine (BrdU) (Sigma) per ml and 1% glucose, changed daily and protected from light, for 7 days prior to killing. Cells were prepared as described above, except that CD62L expression was detected by using biotinylated Mel-14 antibody and streptavidin Cy-Chrome. After surface staining for CD4 or CD8 and CD62L, the cells were stained for incorporated BrdU as described by Tough and Sprent (26) . Briefly, spleen cell suspensions were dehydrated in ethanol, fixed and permeabilized in a 1% paraformaldehyde-0.01% Tween 20 solution, treated with 50 U of DNase (Sigma) per ml, and finally stained with fluorescein isothiocyanate-conjugated anti-BrdU antibody (Becton Dickinson Immunocytometry Systems). Samples that were not treated with DNase but were stained with anti-BrdU antibody were included as negative controls for each mouse. Samples from two or three mice that did not receive BrdU-containing water were stained as described above and were also used as negative controls.
ELISPOT assays. White maxisorp plates (Nalgene Nunc International, Roskilde, Denmark) were coated with a solution containing 5 g of anti-IL-2 (JES6-1A12) per ml or 5 g of anti-IFN-␥ (HB 170) (our laboratory) per ml in PBS overnight at 4°C. The next day the plates were blocked with Dulbecco modified Eagle medium (Life Technologies, Victoria, Australia) containing 10% fetal calf serum for at least 1 h prior to addition of cells. Twofold dilutions of spleen cells were added to triplicate wells to obtain concentrations of 2.0 ϫ . After 1 h of incubation at room temperature, the plates were washed three times in PBS-Tween 20, and then 50 l of a streptavidin alkaline phosphatase preparation (0.5 U/ml; Boehringer Mannheim GmbH, Mannheim, Germany) was added. After 30 min of incubation and three more washes, 50 l of BCIP (5-bromo-4-chloro-3-indolylphosphate)-nitroblue tetrazolium (Sigma) substrate was added, and the plates were incubated for 10 to 20 min at room temperature. Spots were counted by using a magnification of ϫ10. The results were expressed as the mean Ϯ standard deviation number of cytokine-producing cells per 10 6 spleen cells based on the data for three individual mice per group.
Addition of IL-2 to IFN-␥ recall cultures. Spleen cells were prepared over Ficoll-Hypaque as described above. The cells were then diluted to obtain a concentration of 2 ϫ 10 6 cells/ml and cultured in 2.0 ml of Dulbecco modified Eagle medium containing fetal calf serum (Life Technologies) with or without live M. avium cells at a final concentration of 5 ϫ 10 6 CFU/ml and with (100 or 1 U/ml) or without exogenous IL-2. After 72 h, supernatants were collected and frozen at Ϫ20°C until the IFN-␥ level was measured by determining inhibition of the growth of IFN-␥-sensitive WEHI 279 cells as described previously (22, 23) . The specificity of the assay was confirmed for each positive sample by blocking with an IFN-␥-specific monoclonal antibody (HB170).
Statistical analysis. Student's t test was used to determine statistical significance. P values of Ͻ0.05 were considered to be significant.
RESULTS
Bacterial burden and decline of T cells during M. avium infection. Six weeks after intranasal infection with 1 ϫ 10 5 CFU of M. avium, there were 3.2 ϫ 10 7 bacteria in the lungs and 1.9 ϫ 10 4 bacteria in the liver of each mouse (Fig. 1A) . The bacterial load increased steadily up to 30 weeks after infection, to 2.6 ϫ 10 9 bacteria in the lungs and 5.6 ϫ 10 6 bacteria in the liver of each infected mouse. As reported previously (10, 11) , the percentages of CD4 ϩ and CD8 ϩ spleen cells in the spleens of infected mice declined after infection (Fig. 1B) . In uninfected young mice approximately 20% of the spleen cells expressed CD4, while approximately 10% expressed CD8. Compared to these controls, by 6 weeks after infection there were significantly lower proportions of CD4 ϩ (13.5%; P Ͻ 0.01) and CD8 ϩ (6%; P Ͻ 0.02) spleen cells. Throughout infection the percentages of CD4 ϩ and CD8 ϩ cells continued to decline, although at a lower rate, to 8 and 4%, respectively, values which were significantly lower than the values obtained for the age-matched uninfected controls (P Ͻ 0.01 and P Ͻ 0.02, respectively).
When the values described above were converted to abso- 
lute numbers of T cells per spleen, it was apparent that the reductions in the percentages of CD4 ϩ and CD8 ϩ cells were the result of splenomegaly which accompanied infection. The number of CD4 ϩ cells increased slightly 6 weeks after infection, from 18 ϫ 10 6 to 22 ϫ 10 6 cells/spleen (Fig. 1C) . Later, the number of these cells declined until there were 12 ϫ 10 6
CD4
ϩ cells/spleen 45 weeks after infection. This value was not significantly different from the value obtained for the old normal control mice. Young normal mice had 10 ϫ 10 6 CD8 ϩ cells/spleen, and mice that had been infected for 6 weeks had very similar numbers of CD8 ϩ cells (9.7 ϫ 10 6 CD8 ϩ cells/ spleen). Again, the number of cells declined steadily until at 45 weeks after infection there were 4.6 ϫ 10 6 CD8 ϩ cells/spleen, a value which was not significantly different from the value obtained for the old normal control mice. Thus, after an early increase, the number of CD4 ϩ cells returned to normal, while the number of CD8 ϩ T cells was largely unaffected by infection.
Expression of activation markers on T cells during infection. Flow (Fig. 2F ) changed only slightly. At 6 weeks after infection there were not significant differences in the numbers of activated CD8 ϩ T cells obtained from infected and age-matched control mice, and for the most part this was true after 43 weeks. Hence, the number of activated CD4 ϩ T cells in the terminal stages of infection was high, although the number of activated CD8 ϩ T cells changed very little during infection.
In vivo proliferation of T cells during M. avium infection. We next examined whether the increase in the number of T cells expressing the activated phenotype CD44 bright CD62L Ϫ described above was followed by an increase in proliferation in vivo. BrdU incorporation over a 1-week period was used to assay in vivo proliferation of CD4 ϩ and CD8 ϩ T cells in M. avium-infected and uninfected mice. A significant increase in the percentage of proliferating CD4 ϩ T cells was found when mice that were infected for 7 weeks were compared to uninfected control mice (Fig. 3A) . In uninfected mice 18% of the T cells from mice that had been infected for more than 7 weeks did not show any further increase in proliferation. When the number of proliferating cells was calculated (Fig. 3B) , there was a slight, although not significant, decline in proliferation in the final weeks of infection compared with the peak value. In all, there was a surprisingly constant number of proliferating T cells throughout the period of infection.
Proliferation in activated CD4
؉ and CD8 ؉ T-cell subpopulations. The increase in the percentage of cells expressing activation markers (Fig. 2) , accompanied by the stagnant rate of proliferation (Fig. 3) , suggested that as the infection progressed there was an accumulation of activated T cells that could not proliferate. Three-color staining for CD4 or CD8, BrdU, and CD62L was used to measure directly the numbers of activated cells which had proliferated. An example of the staining for CD62L and BrdU is shown in Fig. 4 . The intensity of the staining for BrdU decreased 36 weeks after infection, although the BrdU ϩ population was still clearly detectable. When proliferation of activated (CD62L Ϫ ) and unactivated (CD62L ϩ ) CD4 ϩ T cells was analyzed, it was clear that proliferation occurred preferentially in the activated, CD62L
Ϫ T cells (Fig. 5 ). There was a significant (P Ͻ 0.002) increase in the percentage of CD4 ϩ CD62L Ϫ T cells that were proliferating (BrdU ϩ ) after 7 weeks (42%) compared to the value obtained for the young normal control mice (28%) (Fig. 5A) . At 21 weeks after infection 41% of the CD4 ϩ CD62L Ϫ cells had proliferated, but by 36 weeks after infection only 29% of the CD4 ϩ CD62L Ϫ cells had proliferated during the 7-day pulse period. This value was higher than the value obtained for the old normal control mice, but the difference was not significant. In contrast, the proportion of unactivated CD4 ϩ CD62L ϩ cells that proliferated did not change significantly and was approximately 10% at all times after infection. Similar results were obtained when the CD8 ϩ CD62L Ϫ cells were examined (Fig.  5B) . In young normal control mice 34% of the CD8 ϩ CD62L Ϫ cells were BrdU ϩ . The proportion increased significantly (P Ͻ 0.001) to 56% after 7 weeks of infection and then dropped slightly to 50% after 21 weeks. After 36 weeks, 28% of the CD8 ϩ CD62L Ϫ cells were proliferating in vivo, which represented a significant (P Ͻ 0.01) decline. The CD8 ϩ CD62L ϩ T cells exhibited a small but significant (P Ͻ 0.05) increase in proliferation after 7 weeks of infection, and then the values returned to normal levels.
The numbers of activated T cells that proliferated in vivo exhibited a very similar pattern. There were more activated, proliferating CD4 ϩ cells than equivalent CD8 ϩ cells, due to the higher percentage of CD4 ϩ CD62L Ϫ cells. In both the CD4 ϩ populations (Fig. 5C ) and the CD8 ϩ populations (Fig.  5D ) there were significant (P Ͻ 0.05 and P Ͻ 0.02, respectively) increases in the numbers of activated (CD62L Ϫ ) and proliferating (BrdU ϩ ) cells after 7 weeks of infection. At later times the numbers of activated and proliferating cells remained relatively constant before the values declined 36 weeks after infection. The number of proliferating and activated CD4 ϩ T cells was not significantly different from the number obtained for old normal control mice after 36 weeks of infection. The number of unactivated (CD62L ϩ ) CD4 ϩ and CD8 ϩ T cells that proliferated increased slightly, but significantly (P Ͻ 0.01), after 7 weeks of infection. As expected, proliferation occurred preferentially among activated CD62L Ϫ CD4 ϩ and CD8 ϩ T cells in the early stages of infection. However, in the later stages of infection fewer of the activated T cells were able to proliferate in vivo.
Role of IL-2 in declining T-cell response. IL-2 is a major driver of T-cell proliferation, and it has been suggested that an inability to respond to or produce IL-2 accounts for nonresponsiveness in tuberculosis (24) . Therefore, expression of CD25 on T cells was assessed as a possible reason for failure of proliferation. However, as shown in Fig. 6 , expression of CD25 on CD4 ϩ T cells continued to increase with time after infection, as did expression of the other activation markers (Fig. 2) . In the final stages of infection, CD25 could be detected on approximately 20% of CD4 ϩ T cells. It is therefore unlikely that failure of CD25 accounted for the decline in proliferation of CD4 ϩ T cells. Expression on CD8 ϩ T cells was much lower at all times, which is consistent with the lower rate of prolif-
FIG. 3. In vivo proliferation after infection: percentages (A) and numbers (B) of CD4
ϩ or CD8 ϩ BrdU ϩ T cells. Mice were fed BrdU in their drinking water for 7 days, and this was followed by staining of spleen cells for CD4 or CD8 and BrdU. The mice had been infected for different times, but their cells were assayed on the same day. The values are means based on the data obtained for three mice at different times after infection. The error bars indicate standard deviations. The results of one representative experiment of four similar experiments are shown. Symbols: f, CD4 ϩ , infected; Ⅺ, CD4 ϩ , old uninfected; F, CD8 ϩ , infected; E, CD8 ϩ , old uninfected.
eration of such cells. The numbers of CD4 ϩ CD25 ϩ and CD8 ϩ CD25 ϩ T cells increased, although not significantly, soon after infection and remained stable throughout the study. Hence, the increase in the percentage of CD25 ϩ T cells was compensated for by the decrease in the numbers of CD4 ϩ and CD8 ϩ T cells. We have previously shown that IFN-␥ production declines late in M. avium infection (11) . Therefore, we speculated that the decline in the in vivo proliferation of activated T cells during infection could be due to a similar decline in IL-2 production. IL-2 was not detectable in the supernatants of spleen cells from M. avium-infected mice stimulated with live M. avium (data not shown), so an ELISPOT assay was used to determine the number of cells that secreted IFN-␥ and IL-2 in response to M. avium. The results of this analysis (Fig. 7A) show that there were sharp increases in the numbers of IFN-␥-and IL-2-producing cells 7 weeks after infection, and then the numbers of cytokine-producing cells declined in parallel until (Fig. 7B) . The deficit in IFN-␥ production persisted once the decline in T cells had been taken into account (data not shown) and was far greater than the loss of CD4 ϩ T cells. Since the decline in IL-2 production occurred in parallel with the decline in IFN-␥ production, the ability of exogenous recombinant IL-2 to rescue the loss of IFN-␥ production late in infection was tested. The CD4 ϩ T cells in spleens were enumerated by fluorescence-activated cell sorting before culture. IL-2 was added to cultures of spleen cells obtained from mice at different times after infection. Spleen cells were cultured with M. avium as the antigen in the presence of 100 or 1 U of recombinant human IL-2 per ml or no recombinant human IL-2. The results (Table 1) were expressed as units of IFN-␥ produced per 1 ϫ 10 5 CD4 ϩ T cells present in the spleen cell cultures to correct for changes in the number of CD4 ϩ T cells in the spleens during infection. Mice infected with M. avium for 8 weeks exhibited an IFN-␥ response even without added IL-2, while mice infected for 39 weeks or uninfected mice exhibited very little IFN-␥ response, even when the low numbers of CD4 ϩ cells were corrected for. Addition of IL-2 (either 1 or 100 U/ml) substantially increased the IFN-␥ response of mice infected for 8 weeks and even the response of uninfected mice, provided that M. avium was present in the cultures. In contrast, cells from mice that were infected for 39 weeks showed only a minor increase in the IFN-␥ response even in the presence of 100 U of IL-2/ml. Significantly (P Ͻ 0.02) less IFN-␥ was produced per CD4 ϩ T cell from mice that had been infected for 39 weeks than was produced per CD4 ϩ cell from age-matched uninfected control mice or mice that had been infected for 8 weeks, when preparations were supplemented with equivalent amounts of IL-2. The small amounts of IFN-␥ produced by mice that were infected for 39 weeks were presumed to be due to the carryover of bacteria from the heavily infected animals. The inability of cells from mice infected 39 weeks earlier to produce IFN-␥ was emphasized by the high levels of IFN-␥ produced by normal spleen cells in response to the combination of IL-2 and M. avium. These cells did not produce detectable IFN-␥ in response to IL-2 or M. avium alone. NK cells were a likely source of the high levels of IFN-␥ in these cultures. Hence, the decline in IFN-␥ production was due neither to a decline in the number of CD4 ϩ T cells nor to the deficit in the supply of IL-2, since exogenous IL-2 was not able to restore the IFN-␥ response in cells from mice that had been infected for a long time.
DISCUSSION
We investigated the changes in three facets of T-cell activation: activation marker expression, in vivo proliferation, and In one of the few studies that have investigated T-cell activation following primary mycobacterial infection, the intensity of expression of CD44 on splenic T cells was reported to increase during the 3 weeks following experimental infection of mice with Mycobacterium tuberculosis (14) . This CD44 bright population was further subdivided into CD45Rb hi , CD45Rb lo , and CD45Rb neg subsets, which increased in sequence following infection. Recently, a significant increase in the number of CD4 ϩ and CD8 ϩ pulmonary cells with an activated phenotype 8 weeks after infection of mice with M. tuberculosis was reported (9). To our knowledge, this is the first study of changes in T-cell activation for longer periods of time after infection with M. avium. In our model of M. avium infection, mice were infected with a relatively low dose (1 ϫ 10 5 CFU/mouse) by the more physiologically relevant intranasal route, and the course of infection was monitored until the mice reached a terminal decline, about 40 weeks after infection. This allowed observation of changes in T-cell function and phenotype during the complete course of infection, relatively free from potential artifacts caused by intravenous delivery of very large numbers (ϳ10 8 ) of viable bacteria.
We examined the activation markers CD62L (L-selectin) and CD25 (IL-2R␣ chain), as well as CD44 (pgp-1), whose expression has been associated with immunological memory. While the association of these molecules with immunological activation and memory is controversial (12, 26) , it does seem that CD62L is downregulated upon activation of T cells, while the intensity of CD44 expression is increased. The numbers of cells expressing these characteristics increased during infection, remaining high even in the terminal stages. Interestingly, expression of CD44 was not significantly different from expression in normal age-matched control mice, but there were more cells expressing low levels of CD62L in infected mice than in uninfected mice.
When in vivo proliferation of activated (CD62L Ϫ ) T cells was examined, it was found that the capacity of these cells to proliferate in vivo increased 6 to 8 weeks after infection and then remained stable until ϳ35 weeks after infection, when it declined sharply. Thus, as the infection progressed, there was an accumulation of activated T cells which were not able to proliferate, a situation which is known to be a prelude to apoptosis (18) . One trigger for this outcome may be the loss of signaling by IL-2, either because of failure of production or downregulation of CD25 (18) .
The IL-2 receptor is made up of three components, the high-affinity IL-2-binding ␣ chain (CD25), the ␤ chain, and the common ␥ chain. The role of the IL-2/IL-2R complex signaling pathway in the decline in immunological function seen in mycobacterial infections has been the subject of investigations for a long time. In tuberculosis patients, the decline in purified protein derivative-specific proliferation in vitro was associated with a decline in CD25 (25) , which made the patients unable to respond to IL-2. This was clearly not the case in this study, in which CD25 expression increased towards the terminal stages of infection. However, it may be that one of the other components of the IL-2R complex was lost. A deficit in the supply of IL-2 has also been proposed as a mechanism for the decline in immunological function seen in experimental Mycobacterium bovis BCG infections (21, 25) . Orme et al. (21) proposed that IL-2 was rapidly consumed by the large number of activated T cells that emerged after infection of mice with large doses of BCG. They showed that exogenous IL-2, added in vitro in the form of IL-2-containing supernatants, was able to reverse the decline in proliferation of murine T cells in response to concanavalin A and purified protein derivative. Furthermore, in vivo administration of IL-2-containing supernatants restored the delayed-type hypersensitivity response after BCG infection (7) . The number of cells producing IL-2 certainly declined in our model, but it declined in parallel with IFN-␥ production by cultured T cells. Addition of IL-2 to cultures increased IFN-␥ production by cells from mice infected for 8 weeks and, interestingly, by cells from young or old normal mice. This occurred only in the presence of M. avium as an antigen and is reminiscent of the conditions required for activation of NK cells to produce IFN-␥ (2). It was striking that addition of IL-2 to cells from mice that had been infected for 39 weeks was not able to restore the ability of the cells to produce IFN-␥ despite the fact they were still expressing CD25. Activated macrophages or other cell populations do not inhibit production of IFN-␥ in vivo, as previous work in our lab showed that purified T cells supplemented with antigen-presenting cells from uninfected mice were still not able to produce IFN-␥ (Gilbertson and Cheers, unpublished data).
It is worth noting that one difference between this study and some other studies which have looked at the role of IL-2 in the poor immune response to mycobacteria is that in the other studies the researchers examined the response much earlier in infection, when the IFN-␥ deficiency was only relative. At 8 weeks after infection, we also found that addition of IL-2 increased IFN-␥ production. At this early stage it is desirable to exert feedback control on the immune response, lest the inflammatory activity do excessive damage to the tissues. In contrast, we found that late in infection, when there is an almost total loss of responsiveness, addition of IL-2 had no effect. It is not known whether an in vivo supply of excess IL-2 during infection at the times when other researchers found it to be a useful supplement would have delayed the onset of the final decline in the immune response that we observed (19) .
What causes the decline in T-cell function in advanced M. avium infection? The mycobacterium-specific T cells may be depleted or exhausted. T-cell exhaustion has been shown to play a role in the decline in T-cell function in chronic viral infections (28) . Our results are similar to the results obtained for a T-cell population that emerged after infection with a mixture of retroviruses referred to as BM5 (20) . In this model a population of activated (CD44 bright CD62L Ϫ ) CD4 ϩ T cells emerged. This was accompanied by a loss of production of several cytokines, including IL-2 and IFN-␥. Overproduction of cytokines or toxic mediators may also inhibit the function of T cells in advanced infections. Many mediators have been suggested to play a role in the functional impairment of T cells; these mediators include tumor necrosis factor (17) , NO (6, 13), transforming growth facter ␤ (5, 15), and IFN-␥ (8). Products secreted from the bacteria themselves may also play a role (4) . The high concentration of antigen may also have an impact on T-cell function. At this time the mechanisms of T-cell functional decline are not known. Defining the functional changes associated with advanced M. avium infection should allow investigation of the mechanisms of the decline in T-cell function in advanced mycobacterial infections.
